Evidence has recently been mounting suggesting that a number of chromatin components previously thought to primarily or exclusively have structural function, also have a regulatory role in eukaryotic transcription. Notably, in yeast, histone H4 N-terminal sequence has been shown to be required for promoter activation of certain genes in vivo, and mutations in histone H3 (SIN2) or in SIN1 (which has some sequence similarity to HMG1) are able to suppress swi1, swi2, and swib mutations, restoring transcription to HO as well as a number of other genes. In this paper we report the identification of a novel protein or protein complex that specifically binds a short sequence in the HO regulatory region on the one hand, and on the other somehow appears to contact the SIN1 protein. We have shown that the DNA binding activity itself does not contain SIN1, since extracts from sin1A strains retain the activity. Interestingly, extracts made from cells carrying the dominant sin1-2 point mutation lack the binding activity. Furthermore, bacterially produced sin1-2 protein can dissociate a DNA/protein complex while a similarly produced SIN1 protein has no effect on the complex at similar concentrations. When the DNA sequence to which the protein complex binds is placed in a CYC1 promoter lacking a UAS (upstream activating sequence), it can serve as a weak UAS in a SIN1 dependent way. Our data imply that a sequence specific DNA binding protein(s) may mediate between the SIN1 protein and the basal transcription apparatus transcribing HO.
INTRODUCTION
The important role of histories and non-histone chromatin proteins in modulating gene expression (1 -11) has recently become apparent. It has long been known that a change in chromatin structure accompanies gene activation, for review see (12) . However, it is unclear what causes these changes, and whether the observed changes are the result of transcription, or whether they are a prerequisite for it. Despite the fact that histones are abundant and associate with most or all DNA sequences, gene specificity is sometimes observed regarding their stimulation or suppression of transcription. For example, evidence has accumulated which indicates that the H4 N-terminal sequence is required for promoter activation of some genes in-vivo (2) . Durrin et al (3) have shown that the N-terminal sequence of yeast histone H4 is specifically required for activation of the GAL1 and PH05 genes, while a short four amino acid sequence located within the same sequence has repressor function on the silent mating type loci (1) .
Chromatin contains, in addition to histones, a number of proteins termed HMG (high mobility group). These proteins are plentiful in the nucleus (about 10 times fewer than the histones), however the cellular functions of these proteins remain obscure (13, 14) . It has been suggested that HMG-1 and HMG-2 can increase the rate of binding of transcription factors to their DNA recognition sequences, presumably by mediating the formation of active transcription initiation complexes (7) (8) (9) . Other experiments have implicated HMG-1 as being involved in DNA replication or recombination since it has been shown to bind DNA cruciforms in-vitro (15, 16) , and to cause a sharp bend in DNA (17) .
Recently, the yeast SIN1 gene product was cloned, and was shown to have some properties of an HMG protein (4) . It was shown to have some sequence similarity to the mammalian HMG1 protein, is concentrated in the nucleus, and binds DNA with little or no sequence specificity in-vitro. On the other hand, sinl mutations have long been known to specifically suppress mutations in several genes. Transcription of the HO gene requires wild type alleles of SWI1, SWI2, SWI3, SNF5 and SNF6. The same is true for INO1, ADH1.ADH2, GAL1, GAL10 and SUC2 transcription but not for URA3, CLN1, CLN2, CLN3 and LYS2 (18, 19) . However, if yeast cells contain, in addition to swil, swi2, swi3 mutations, a sinl mutation, HO transcription is restored. Sinl mutations (previously identified as SPT2) have also been shown to restore expression to promoters inactivated by a Ty or 5 element (20, 21) . Additionally, the SIN1 gene product was shown from genetic evidence to functionally interact with the C-terminal domain (CTD) of RNA polymerase n. A foreshortened CTD of the RNA polymerase II causes impaired function of the polymerase, however a sinl mutation suppresses the extent of the effect of the shortened CTD (22) .
The regulatory region upstream of the HO coding sequence is particularly large. It spans about 1400 nucleotides and has been functionally divided into two regions termed URS1 and URS2 (18) . Specific sequences within these two regions have been shown to be responsible for the different types of transcriptional control exerted on HO. For example, a sequence within URS1 is responsible for assuring that HO is transcribed only in mother but not in daughter cells. A different repeating sequence in URS2 is responsible for assuring that HO transcription takes place only during the late Gl phase of the cell cycle (23) . Transcription of HO requires the presence of URS1 but not URS2 (18) , though the precise sequences have not been located.
These data raise the question of how components of chromatin which are abundant in the cell nucleus and presumably come in contact with every gene, can affect RNA transcription in a gene specific manner. Since transcription in-vivo occurs on the chromatin, it is especially important to understand how the transcriptional machinery interacts with chromatin components. The surprising finding that mutations in SIN1, a protein with some similarity to HMG1 and in histone H4 can affect transcription of particular genes but not others, implies that either the chromatin proteins can recognize specific DNA sequences in the promoters of particular genes, or that they interact with other proteins that can specifically distinguish sequences one from the other. Both histones and SIN1 bind DNA non-specifically, making the first possibility unlikely. It is likely therefore, that in order to understand how these chromatin proteins affect the transcription of particular genes, it will be necessary to identify the sequence specific proteins that interact with the more general chromatin proteins. In this paper, we describe a novel protein or protein complex enriched from yeast extracts that both contacts SIN1, and that binds the HO promoter in a sequence specific way in-vitro.
MATERIALS AND METHODS

Yeast strains
Relevant yeast genotypes are: BDY12A-5C and CY26, wild type with respect to SWI and SIN; BDY12A-1A, swil::LEU2; BDY12A-1A-1-2, swil::LEU2, sinl-2; GH1, sin 1-2; HF1 and CY110, sinlA; BJ3501, wild type with respect to SWI and SIN, pep4::HIS3.
Gel retardation assay
Whole cell extracts were prepared from late log phase cultures by glass bead disruption of late log phase cells in 25 mM Hepes pH 7.5, 50 mM KC1, 5 mM MgCl 2 , 0.1 mM EDTA, 0.5 mM dithiothreitol, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 2 /JM pepstatin, 0.6 nM leupeptin (24) . The suspension was made 0.3 M (NH 4 ) 2 SO 4 , mixed for 30 minutes at 4°C and then centrifuged at 12,000 g for 30 minutes. The supernatant was used for the gel retardation assay. Binding reactions contained 4 mM Tris-Cl pH 8.0, 40 mM NaCl, 4 mM MgCl 2 , 5% glycerol, about 0.5 ng probe (about 15,000 CPM), 1 ng poly(dA dT) and extract. This reaction mixture was incubated for 15 minutes at room temperature and applied to a 160 X140 x 1.2 mm 4% polyacrylamide (39:1 acrylamide:bisacrylamide) gel. The gel running buffer was TBE (89 mM Tris-borate, 2 mM EDTA pH 8.3). It was run at 25 mA constant current for about 1.5 hours at room temperature. The DNA probe was prepared by a fill-in reaction using either reverse transcriptase or the Klenow fragment of DNA polymerase. Protein concentrations were determined by the method of Bradford (25) .
Ammonium sulfate precipitation and Affi-gel Blue fractionation
Further purification was achieved by centrifugation at 200000 xg at 4°C for two hours. The supernatant was collected and (NH 4 ) 2 SO 4 was added to 40% saturation. After stirring for an hour at 4°C, the precipitate was collected by centrifugation at 5000xg for 30 minutes at 4°C. The pellet was then dissolved in 25 mM Hepes pH 7.5, 100 mM KC1, 5 mM MgCl 2 , 0.1 mM EDTA, 0.5 mM dithiothreitol, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 2 /*M pepstatin, 0.6 jtM leupeptin. This extract was applied to an Affi-gel Blue (Bio-Rad) column essentially as described (26) except that the column volume was 1 ml, and 0.2 ml fractions were collected. The flow rate was 15 ml per hour. 12.5 mg of whole cell extract were loaded onto the column.
Methylation interference
DNA probes were labeled at one end by a fill-in reaction as above by choosing the appropriate labeled nucleotide triphosphates as substrate. Methylation was performed as described (27) . DNA binding reactions were performed as described in the gel retardation assay. After brief autoradiography of the wet gel, the DNA from the appropriate band was eluted, digested with piperidine and run on a 10% polyacrylamide, 7M urea sequencing gel as described (27) .
PCR
The SIN1 or sinl-2 genes were amplified in a buffer containing 50mM KC1, lOmM Tris-Cl pH 8.4, 5mM MgCl 2 , O.lmg/ml bovine serum albumin, 0.2 mM dATP, dCTP, dGTP, dTTP, respectively (each from Promega), 0.25 fiM each of the following oligonucleotides: TTCGAATTCATGAGTTTTCTTTCCAAA-CTTTCC, CGCGGCCGCTTAGCGTATGCCCTTCTTAC, 1 ng yeast DNA, and 1.2 u Taq DNA polymerase (USB). Amplification parameters were 35 cycles of 1 min. 94°C, 2 min. 55°C, 3 min. 72°C.
Expression of SIN1 or sinl-2 protein in bacteria DNA products from the PCR were cut with EcoRl and Notl, and subcloned into the pBLUESCRIPT vector. The resultant plasmids were then cut with EcoRV and Notl and the inserts treated with the Klenow fragment of DNA polymerase (Boehringer) and deoxynucleotides to fill in the Notl site. These fragments were cloned into the Smal site of pUC8 and then cut out with EcoRl and BamHl, and cloned into the pGEX-3X expression vector (28) between the EcoRl and BamHl sites yielding plasmids termed pGEX-3X/SINl or pGEX-3X/sinl-2 respectively. E. coli strain HB101 was transformed with each of these plasmids and SIN1 or sinl-2 glutathione transferase fusion proteins were isolated as described (29) .
SIN1 disruption
The SIN1 gene was disrupted by excision of a 518 bp fragment ranging from the Pstl to the Xbal sites in the gene. This fragment was replaced by a 2230 bp DNA fragment containing the LEU2 gene. It was derived by excision of the fragment from YEP 13 with Xhol and Sail, subcloning into pUC19 at the Sail site, and then removing it by digestion with Xbal and Pstl. The resultant fragment was then ligated into the modified SIN1 gene which was used to transform Ieu2 yeast strains. LEU + strains were selected. Strains whose SIN1 gene had been disrupted, were identified by PCR using the primers described above.
DNA sequencing
Nucleotide sequencing was performed using a Taq Track Sequencing System (Promega) according to the protocol provided by the supplier.
Insertion of a 32 bp sequence into a yeast expression vector
Two oligonucleotides (AATTCACTCTACGGATGATCTGTG-AGAAACTG and AATTCAGTTTCTCACAGATCAT-CCGTAGAGTG) were synthesized on a Pharmacia Gene Assembler at Biotechnology General, Ness-Tziona. They were annealed at equamolar concentrations and ligated into the EcoRl site of pCZA (26) . This shuttle plasmid contains the CYC1 promoter lacking its UAS linked to the bacterial /3-galactosidase gene, and has been used to measure the ability of various short sequences to act as an UAS. Plasmids determined to contain one, two and three copies of the oligonucleotide were isolated and transformed into CY26 and CY110 yeast strains. /3-glactosidase activity was determined as described (30) .
RESULTS
Extracts made from strains containing a sinl-2 mutation lack a DNA binding activity to URS1
Since SIN1 is involved in regulating HO gene expression through URS1 (31), we reasoned that it may bind URS1 DNA, bind proteins that bind URS1, or alternatively affect the binding of other proteins to URS1. Therefore, it might be expected that protein extracts prepared from mutants in SIN1 may lack a sequence specific DNA binding activity (as is the case for SIN3 (32) ). To test this possibility, we isolated four DNA fragments which span URS1, labeled them, and tested them in a gel retardation assay for protein binding. The DNA fragments used were the 97 base pair (bp) Sphl/Clal fragment (nucleotides -1314 to -1217), the 96 bp Clal/Ban2 fragment (nucleotides -1217 to -1121), the 195 bp Ban2/EcoNl fragment (nucleotides -11211 to -926), and the 168 bp EcoNl/BamHl fragment (nucleotides -926 to -758) which extends into URS2 ( Figure  1 ). The nucleotide numbering is relative to the translational start site according to Russell et al. (33) . Whole cell extracts were made from strains BDY12A-5C (wild type with respect to SWI and SIN), BDY12A-1A (swil::LEU2), and BDY12A-1A-1-2 (swil::LEU2, sinl-2) and mixed with the labeled DNA fragments described above. After electrophoresis and autoradiography as described in the Materials and Methods section, the resulting DNA binding patterns were compared (data not shown). For each DNA fragment except one, the same DNA binding activities were identified in each of the three extracts. The exceptional fragment was the 96 bp Clal/Ban2 fragment. The slowest migrating DNA binding activity to this fragment in wild type extracts was completely absent in extracts made form the sinl-2 strain. These data indicate that the SIN1 protein is involved either directly or indirectly in the binding of a protein or proteins to the URS1 region of HO.
To enrich the yeast cell extracts for the SIN1 specific binding activity, a whole cell extract from a protease deficient strain (BJ3501) was chromatographed through an Affi-gel Blue column, and the DNA binding activity was eluted using a KC1 step gradient. The protein concentrations in the various fractions are shown in Figure 2B . The fractions containing the DNA binding activity that was missing in the sinl-2 strain ( Figure 2C ) were eluted in 1.5M KC1, were pooled for further use. To confirm that the protein enriched by the Affigel blue column is absent in sinl-2 strains, we similarly fractionated proteins from a sinl-2 strain, but were unable to detect any DNA binding activity in proteins eluted from the column in 1.5M KC1.
Methylation interference identifies the DNA sequence to which the SIN1 specific activity binds To determine exactly where in the 96 bp fragment the proteins bind, a methylation interference experiment was performed. Labeled, methylated DNA was incubated with the enriched protein fraction (fractions 67 -69 in Figure 2 ) and electrophoresed as above. The principal SIN1 specific protein/ DNA complex (marked by an arrow in figure 2), and the unbound DNA were eluted from the gel. Following piperidine digestion, the samples were run on a sequencing gel and autoradiographed. As can be seen in Figure 3 A by comparison of the free and bound lanes, the methylation of specific guanosine residues interferes with the SIN1 specific binding activity. Figure 3B identifies the particular guanosine residues in the HO sequence that are marked in Figure 3A . Methylation at these positions only partly interferes with the DNA binding activity. While the arrows in Figure 3A point to the bands most affected by the methylation, one can see that the intensity of some other bands is diminished as well. It is interesting to note that all the residues marked on both the top and bottom strands of the sequence (with the exception of the rightmost G) are approximately 10 bp or one helix turn apart. This is consistent with the idea that a protein or proteins interact with several nucleotides on the same side of the DNA molecule.
Close inspection of the sequence binding to protein, reveals a possible dyad symmetry around the GC pair at position -1192. A potential half site ATCNGTGAG (underlined in Figure 3B ), has been identified based on the dyad symmetry. It is interesting to note that the dyad symmetry is not perfect and that an additional nucleotide pair (position -1199), is found in the upstream side of the binding site. It has not been determined whether the half site alone is sufficient to bind proteins. Computer data-base searches have not revealed any significant homology of the half site in any other gene, nor in other parts of the HO gene. It is unlikely that the protein binding this sequence binds another sequence in URS1, since gel retardation patterns using DNA fragments from other parts of URS1 were identical with extracts from SIN1 and sinl-2 strains (previous section).
To confirm the sequence specificity of the protein binding, a 32 bp double stranded oligonucleotide (marked by a box in figure  3B ) was synthesized that is centered around the suggested center of dyad symmetry. When used as a probe in the gel retardation assay, the oligonucleotide mimicked the larger 96 bp probe described above. In addition, as can be seen in Figure 4 , unlabeled oligonucleotide competed effectively for most of the DNA binding proteins, including the one of interest, while unrelated DNA did not. Interestingly, in the methylation interference experiment, methylation of a G at position -1170 interfered with protein binding. Since this residue is not included in the oligonucleotide, it must not be essential for specific binding of the protein to the DNA.
SINl is not part of the DNA binding complex
To determine whether the SINl protein itself is part of the protein DNA complex, we disrupted the SINl gene in several strains that were wild type for the SINl gene (BDY12A-1A, BJ3501, CL3-ABYS-86) and made whole cell extracts as above. SINl disruption was accomplished by replacing a 518 bp DNA fragment in the coding region of SINl with a 2230 bp fragment containing the LEU2 gene. PCR experiments using the primers described in the Materials and Methods which were derived from the two ends of the SINl coding region, showed a single band 1000 bp long when DNA from undisrupted SINl cells was used. Similar PCR experiments using the SINl disrupted strains showed a single band about 2700 bp long which is the expected size of the disrupted gene (data not shown). Surprisingly, gel retardation assays snowed that despite the fact that the SINl protein was not found in the extracts, the protein binding was indistinguishable from the non-disrupted control strains (Figure 4 ). This data indicated that the SINl protein itself is not a component of the protein complex that binds the DNA, despite the fact that it directly or indirectly can affect its presence.
A component in sinl-2 extracts prevents protein binding to URS1 DNA Since extracts made from sinl-2 strains did not contain the DNA binding activity discussed above, but SINl protein is not part of the protein that binds the DNA in our assay, we wanted to determine whether these extracts lacked an activity, or rather that they contained an activity that did not permit DNA/protein complex formation. In addition, we were interested to know whether there absence of SWI1 in the sinl-2 extract would affect the formation of the complex. We therefore repeated the gel retardation assay mixing extracts from wild type and sinl-2 (GH1) or swil, sinl-2 (BDY12A-1A-1-2) cells respectively. As can be seen in Figure 5 , the binding activity could be titrated out of the wild type extracts by adding increasing amounts of extract from either sinl-2 strain. Similar results were obtained regardless whether the extracts were mixed with each other prior to adding them to the probe or whether the wild type extract was first allowed to bind the DNA and then the sinl-2 extract was added. Furthermore, extracts that contained additional SWI protein removed the binding activity more readily then those lacking it. These results show that the sinl-2 extracts contain an activity that precludes the DNA binding of the specific protein(s), and that SWI1 may participate in its removal. In Figures 4 and 5 , a DNA/protein complex migrating somewhat faster than the complex missing from sinl-2 extracts can be noted. Its intensity increases in these figures as the intensity Bottom strand of the slower migrating band diminishes. This raises the possibility that the slower migrating band is the result of a ternary complex that includes the protein in the slower migrating band. Alternatively, there may be a similar relationship between this faster migrating band and the complex migrating very quickly (just behind the free DNA probe). Further purification of these proteins will clarify this point.
The sinl-2 mutation is located close to the C-terminal of the protein Kruger et al (4) have shown that the sinl-2 mutation causes increased transcription of HO relative to a sinlA mutation, and that the sinl-2 mutation is partially dominant to a wild type allele. We were interested to know whether extracts made from sinl mutants that are not dominant lack the DNA binding activity. In experiments similar to those described above, but in which extracts were made from recessive sinl mutants (e.g. sinl-1, spt2-15O), the protein binding pattern to the 96 bp probe was identical to the wild type control (data not shown). To try to identify a functional domain in SIN1 that might interact with the sequence specific DNA binding protein, we decided to locate the precise location of the sinl-2 mutation. Using PCR, we amplified the coding region of the S1N1 gene from sinl-2 cells, subcloned the Xbal-Hindm fragment into pBLUESCRIPT, and sequenced the fragment. Data from Kruger et al (4) , indicated that the mutation must be found in this fragment. Our sequencing showed a single base difference between SIN1 and sinl-2 in nucleotide 940 replacing a wild type guanine with an adenine. No other differences were found between the wild type and mutant sequences. In the protein that is translated as a result of this mutation, a lysine residue is substituted for a glutamic acid at Figure 2 was used in a gel retardation assay with 10 ngs DNA probe that had been methylated as described in Materials and Methods in a 50 yX reaction mixture. The bound DNA in the slowest migrating DNA/protein complex (e.g. in Figures 2A and 2C ) (marked B) and the free DNA migrating at the bottom of the gel (marked F) were electroeluted from the gel and completely digested with piperidine. The resulting fragments were run on a 41.3 cmx28 cmx0.2 mm 10% polyacrylamide, 7 M urea gel at 70 W for two hours in TBE running buffer. The autoradiogram is shown in panel A. The arrows in panels A and B indicate principal guanosine residues whose methylation interferes with protein binding. The open arrow points to a pair of guanosines (see panel B) that are poorly resolved on the gel. As noted in the text, methylation of other guanosine residues affects the binding as well, but to a lesser extent. The underlined residues in panel B correspond to the putative dyad symmetrical sequence (see text) with the axis of dyad symmetry marked in bold letters. The boxed sequence represents the probe used in Figure 4 . position 314 in the amino acid sequence. As has been mentioned above, SIN1 has a degree of similarity to HMG1. However, the position of the sinl-2 mutation does not lie within the region of similarity, but rather at the carboxy terminal. We have compared this region with the SwissProt protein sequence database (release 71.0) and have found no significant homology between this region and another known sequence.
The specific DNA binding activity in wild type extracts is more sensitive to removal by sinl-2 extracts than the DNA binding activity in sinl A extracts In experiments described above, we have shown that one or more components found in sinl-2 extracts is capable of removing the protein complex from the DNA. We reasoned that if the wild type SIN1 protein itself is involved either in stabilization or destabilization of the protein/DNA complex, we might see a difference between the ability of a sinl-2 extract to disrupt the complex if it was made from a jm7Aextract or a SIN1 extract. We therefore compared the amount of the sinl-2 extract required to remove the protein complex from the probe when the protein was prepared from sinlAcells or from isogenic S1N1 cells. The results showed that more sinl-2 extract was required to remove comparable amounts of protein from the DNA when the complex was made from sinl Acells than from SIN1 cells. In the experiment shown in Figure 6 , an identical amount of sinl-2 extract was added to wild type and sinlAcdls respectively. At these concentrations of extract, almost all of the DNA binding activity of the marked complex was removed by the sinl-2 in the wild type extract, while most of it remained when the sinl-2 extract was mixed with the sinl A extract.
The sinl-2 protein itself interacts with the DNA binding protein(s)
To try to determine whether the SIN1 and sinl-2 proteins themselves are contacting the DNA/protein complex, we used bacterially produced SIN1 and sinl-2 proteins, and mixed them with yeast extracts that contain the protein(s) that bind the DNA. To this end, we cloned the SIN1 and sinl-2 coding regions into Figure 6 . Gel retardation using mixed wild type and sinl-2 or sinl A and sinl-2 and the 96 bp segment as the probe. 9 /ig of extract from wild type (BDY12A-5C) cells or from sinlA (HF1) or from sinl-2 (GH1) were either added individually to the probe (first three lanes), or the 9 ptg of the extracts was mixed with an additional 9 ng or sinl-2 extract (right two lanes) before adding them to the probe. the bacterial expression vector pGEX-3X (28), producing glutathione-transferase-SINl fusion proteins with the yeast proteins at the C-terminal. Following purification on a glutathione-agarose column the proteins were electrophoresed on SDS-PAGE and Comassie stained (data not shown). In all cases about 50 percent of the Comassie Brilliant Blue stained material was of the expected length for the glutathione transferase SIN1 fusion protein. Purified protein was then added either before, after, or together with the yeast extract in the gel retardation assay using the 32 bp oligonucleotide as probe. In all three cases identical results were obtained. As can be seen in Figure 7 , while the sinl-2 fusion protein was able to dissociate the slowest migrating DNA/protein complex, the SIN1 fusion protein was unable to do so. These results indicate that the sinl-2 protein itself is probably responsible for the removal of the protein from the DNA at the specific site of the HO promoter, while the wild type protein is unable to do so in our assay.
The DNA sequence that is bound by the protein complex can serve as a weak UAS on a heterologous promoter in a SIN1 dependent way To test whether the sequence bound by the protein has biological activity in vivo, we inserted die 32 bp oligonucleotide in one, Hi Mi Figure 7 . Gel retardation using mixed wild type and bacterially produced SINl or sinl-2 fusion proteins. 9 /ig of extract from sin]A (HF1) were added to the radiolabeled 32 bp segment under binding conditions. About one microgram of glutathione transferase SIN1 or sinl-2 fusion proteins were added to the mixture, incubated at room temperature for 15 minutes, and loaded on the polyacrylamide gel as above.
two, or three copies into pCZA (26), a plasmid containing the CYC1 promoter, but lacking a UAS connected to the bacterial lac-Z gene. These constructs were then transformed into isogenic yeast strains that were either wild type (CY26) or sinl (CY110) with respect to SINl. As can be seen in Figure 8 , the oligonucleotide stimulated /3-galactosidase production in the wild type cells in a dose dependent manner indicating that the sequence can serve as a weak UAS. The stimulation of transcription from this promoter, however, required more than one copy of the oligonucleotide in the sinAl cells, and in all cases mere was significantly greater transcription in the wild type cells than in the sinAl cells.
DISCUSSION
A mutation in the SINl gene is known to be responsible for suppressing swil, swi2, swi3, snf5 and snf6 mutations. Each of these gene products is required for wild type transcription of the HO, INO1, ADH1, ADH2, GAL1, GAL10 and SUC2 genes (18, 19, 22) . Additionally, a sinl (spt2) mutation allows a HIS4 gene whose upstream regulatory region has been partially inactivated by insertion of a transposable element to be transcribed (20) . Peterson et al. (22) have shown that the C-terminal domain (C-TD) of RNA polymerase n functionally interacts with the SINl protein. They also report that the SINl protein bears some similarity to the nonhistone protein, HMG1 from higher eukaryotes, and they show that it binds nonspecifically to DNA (4) . Their data support the view that in addition to the SWI1,2,3 and SNF5.6 proteins, the CTD antagonizes SINl action. Other data indicate that under certain conditions, the presence of the SINl gene product can actually stimulate specific gene transcription (4) .
Several other factors that modulate HO transcription appear to act as general transcriptional regulators that are involved in pCZA pCZl pCZ2 pCZ3 Figure 8 . Lac-Z expression from pCZ plasmids as a function of the copy number of oligonucleotide inserted into CYC] promoter in wild type and sinl A cells. pCZ, pCZl, pCZ2 or pCZ3 plasmids carrying zero, one, two or three copies respectively of the protein complex binding site were transformed into wild type (CY26) or sinl A (CY110) yeast. /3-galactosidase activity in logarithmically growing cells was determined as described (30) . Each bar represents the average of three experiments.
chromatin structure. The SWI2 gene bears significant homology to the essential brahma gene from Drosophila (34) and has extended homology with sequences that identify ATP-dependent DNA, DNA-RNA, and RNA helicases (35, 36) . Deletion of the HJT1-HTT2 cluster, which encodes one of the two copies of histones H2A and H2B, allows expression of SUC2 and ty genes in the absence of SWI2 (37) . SWI1 is required for the Drosophila regulatory protein fushi tarazu to regulate transcription in yeast (19) . Mutants in SIN2 now known to be histone H3 (4), suppress mutations in SWI1, 2,3 (18) . As each of these gene products may be involved in global chromosomal structure, it has been proposed that the SWI1, SWI2, SWI3, SNF5, and SNF5 proteins may function by interacting with regulatory proteins that bind the DNA, and that they might facilitate transcription by antagonizing the repressive effects of chromatin (19) . How then, does the SINl protein repress transcription of a specific set of genes while it appears not to have any DNA sequence specificity on its own? In this paper we present evidence that supports the notion that the SINl protein interacts with an additional protein or protein complex, that binds HO DNA at a specific sequence in URS1. We propose that the wild type SINl protein may be part of a repressor complex, which maintains a quiescent DNA conformation. The sequence specificity of the complex at least in the case of URS1 in HO, is provided by another molecule which has been identified in this study.
We show here that extracts made from cells carrying a dominant mutation in the SINl gene, sinl-2, lack a specific DNA binding activity to a short DNA sequence in the URS1 region of HO. Extracts made from cells with a sinl null mutation retain the activity, indicating that SINl itself is not a component of the sequence specific DNA binding activity. We have mixed extracts made from sinl-2 cells with extracts from wild type cells, and have found that increasing amounts of sinl-2 extracts titrate out the specific binding activity. Since we have not directly measured the amounts of SINl or sinl-2 protein in each of the extracts, we do not know the stoichiometry of sin 1-2:SINl required for removal of the DNA binding protein(s). Lefebvre and Smith (38) however, have made numerous mutations in the SINl coding region and have shown that in all cases tested, the mutations do not affect the level of the protein found in the cell. We have cloned the sinl-2 allele, expressed it in a bacterial expression system, and shown that the sinl-2 protein itself is capable of causing this titration. It is not known whether the sinl-2 protein alone is sufficient for this activity, or whether there are other components in the cell extract that facilitate the activity. Experiments indicate that the mutated SEMI protein is capable of actively removing the sequence specific protein factor from the DNA, since specific DNA binding is greatly reduced when the sinl-2 fusion protein is added to the binding reaction even after the DNA/protein complex has been pre-formed.
Interestingly, sequencing of the sinl-2 mutant shows that the mutation is in a highly charged C-terminal domain in a region which shows no sequence similarity with HMG1 (4). It is an amino acid change of a glutamic acid to a lysine, which is a negative to a positive charge change. This change likely causes a structural change in this domain of the protein that affects its function. It may change the nature of its interaction with another protein that it contacts (see below).
The data presented here and in previously published papers supports the idea that transcriptional activation of HO occurs in two steps (10) . The first step is the opening of chromatin structure which regulates the accessibility of binding sites for proteins that act directly as transcriptional activators. This is facilitated by a large protein complex which contains SWI1, SWI2, SWI3, SNF5 and SNF6 proteins, and may also include the C-terminal domain of RNA polymerase n. These proteins are antagonized by SINl and nucleosomal structure. We propose that the SINl molecules may be anchored to the DNA via protein-protein interactions with sequence specific DNA binding proteins of which the protein described in this paper is one. These proteins would direct the SINl molecules to positions such that they would serve as part of potent transcriptional repressors, maintaining a condensed chromosomal structure, but that would be available to the SWI/SNF complex to facilitate transcription of HO when appropriate transcriptional signals are present. Contact with the SWI/SNF complex might alter the conformation of the SINl molecule, causing it to actively remove the sequence specific protein, and allowing specific transcriptional activators access to the DNA in the second step of transcription initiation. According to this model, swi or snf mutants would be unable to activate transcription because they could not antagonize the SINl repressor. Sinl mutants would transcribe HO regardless of the swil,2,3 or snf5,6 phenotype since SINl protein would not be a viable part of the complex. In sinl-2 mutants, we propose that the conformational change in the protein that the SWI/SNF complex induces in the wild type, has already occurred. Therefore such mutants have a dominant phenotype over the wild type allele (4) , and in-vitro we observe dominance of the sinl-2 protein over the wild type protein in the removal of the sequence specific DNA binding protein from the DNA.
Our experiments designed to detect an activity of the wild type SINl protein in the gel retardation assay, are consistent with this model. When we compared the ability of the sinl-2 extract to titrate out the specific DNA binding activity from SINl and SINl A extracts respectively (Figure 6 ), significantly larger amounts of sinl-2 extract were required to titrate out the specific DNA binding activity from SINl A than from SINl extracts. These results may indicate that in die presence of the SWI proteins, the SINl wild type protein itself participates in the removal of the sequence specific protein from the DNA in the presence of sinl-2. The involvement of SWI1 in the removal of the binding activity is supported by the experiment in Figure 5 , in which it can be seen that the complex is more readily removed by sinl-2 when extracts containing SWI1 are added to the wild type extract, than extracts lacking SWI1.
A prediction of this model is that other genes whose transcription is regulated by SINl will be associated with sequence specific proteins that recognize their regulatory regions. We have searched for, but not found significant DNA sequence homology between the 32 bp sequence we have identified in URS1 of HO, and URS2 of HO or the regulatory regions of other genes whose transcription is modulated by SINl. It is therefore probable that the proteins that recognize those DNA sequences are different from the protein identified in this study. In the case of HO, we have shown (Figure 8 ) that the sequence from URS1 to which the protein(s) binds, can serve as a weak UAS in vivo in a SINl dependent manner. In wild type cells carrying these constructs, the model explains that the repression of transcription by the sequence specific protein complex and SINl would be relieved by the SWI/SNF complex interaction with SINl, and then the UAS would stimulate transcription. In sinl A cells however, transcriptional stimulation by the UAS would be more difficult, since the SWI/SNF complex would not interact with SINl, and therefore be unable to remove the sequence specific repressor. Increasing the copy number of the UAS would partially relieve the repression, since it then becomes a more potent UAS. Kruger et al (4) have also shown that an intact CYC1 promoter is about nine times less active in sinl A than in wild type cells. Clearly, however, the SINl protein is unnecessary for efficient transcription of most genes, since sinl A strains grow at the same rate as isogenic wild type strains.
As mentioned above and shown in Figure 1 , SINl acts in URS2 as well as in URS1. Kruger et al (4) have shown that when URS2 was inserted between a UAS and the transcriptional start site, transcription was reduced approximately 1200-fold in a wild type strain while the same insert reduced transcription only 35-fold in a sinl strain. However, random DNA fragments showed similar SINl dependent negative regulation. In contrast, our experiments demonstrated that the 32 bp DNA fragment from URS1 could serve as a positive transcriptional regulator in a SINl dependent fashion. As it is known that SINl can both positively and negatively regulate transcription (4), it is possible that the SINl regulation may depend on the molecular context of the sites of SINl action. In the case of HO, regulation in URS1 is accomplished by SINl acting as a transcriptional repressor until it interacts with SWI1,SWI2, SWI3, SNF5, SNF6. It may then participate in the removal of the sequence specific DNA binding protein making it functionally part of a transcriptional activator. SINl regulation in URS2 may be purely negative and less sequence specific. Here SINl may help maintain chromatin structure condensed, so that access of activating proteins to neighboring UAS's is made difficult. Further characterization of the cellular components affecting this system will be necessary to verify these suggestions.
It is interesting to note that another negative regulator of the HO gene, SIN3, does not repress HO transcription by itself, but rather acts by positively influencing the binding of another molecule called SDP1 to the DNA (39, 40) . Biochemical experiments have identified an additional molecule termed I-SDP1 which inhibits the binding of SDP1 to HO DNA. In addition, Benezra et al. (41) have identified a protein, called Id, which inhibits die DNA-binding activity of MyoD and the enhancer binding proteins E12 and E47. It may be a somewhat general phenomenon, that negative transcriptional regulators that are part of complex regulatory systems, act by modifying the DNA binding activities of other molecules. Such a phenomenon would allow a further level of management of transcription by allowing the appropriate chromosomal context to be created so that access to specific initiation factors can be controlled. Elucidation of more details of the regulation of the HO gene and other tightly regulated genes will greatly help our understanding of how chromatin structure is made to accommodate the transcriptional machinery.
